
Russian Chemical Bulletin, International Edition, Vol. 67, No. 6, pp. 980—985, June, 2018980

Published in Russian in Izvestiya Akademii Nauk. Seriya Khimicheskaya,  No. 6, pp. 0980—0985, June, 2018.
1066-5285/18/6706-0980 © 2018 Springer Science+Business Media, Inc.

Thermodynamic modeling of the deposition of Si—C—N fi lms
from the gas phase during the decomposition of organosilicon compounds 

V. A. Shestakov,  Е. N. Ermakova, S. V. Sysoev, V. I. Kosyakov, and M. L. Kosinova 

A. V. Nikolaev Institute of Inorganic Chemistry Siberian Branch of the Russian Academy of Sciences, 
3 prosp. Akad. Lavrent´eva, 630090 Novosibirsk, Russian Federation. 

Fax: +7 (383) 330 9490. Е-mail: vsh@niic.nsc.ru 

Thermodynamic modeling of the process of chemical vapor deposition (CVD) of SiCх and 
SiCxNy fi lms from the gas phase was carried out using organosilicon compounds (EtN(SiMe3)2, 
PhN(SiMe3)2, and PhSiMe3) at reactor pressures of 0.01 and 10 Torr in the temperature range 
of 500—1200 K. It was established that regions of existence of two phase complexes, namely, 
SiC + Si3N4 + C and SiC + C, were present on the CVD diagrams calculated for the 
EtN(SiMe3)2—He and PhN(SiMe3)2—He systems. The CVD diagrams calculated for the 
EtN(SiMe3)2—NH3, PhN(SiMe3)2—NH3, and PhSiMe3—NH3 systems have regions of exis-
tence of three phase complexes, namely, Si3N4 + C, SiC + Si3N4 + C, and SiC + C. The 
composition of the obtained silicon-containing fi lms was calculated. 

Key words: thermodynamic modeling, CVD diagram, chemical deposition from the gas 
phase, organosilicon compounds. 

Materials based on the phases of the Si—C—N—H 
system combine good mechanical (rigidity, wear resist-
ance, low friction coeffi  cient, high adhesion to structural 
materials), chemical (high thermal and corrosion resis-
tance), and physical properties (low dielectric constant, 
optical transparency in a wide spectral range, a refractive 
index and an optical band gap controllable in a large range 
of values, high hydrophobicity), leading to their application 
in various technological fi elds.1,2 At the present time, 
a lot of attention is being paid to methods for the prepara-
tion of ceramic materials based on carbides, nitrides, and 
carbonitrides.3,4 Carbonitrides are also of interest due to 
their usage in high-performance lithium-ion batteries for 
portable electronic devices. The negative electrode is made 
of carbon materials in all commercially available batteries. 
The search for new anode materials continues. Carbon-
enriched SiCN, BCN, Si(B)CN5—8 fi lms are being studied 
for this purpose. These materials are composites of carbo-
nitride and carbon in the form of graphite clusters or 
graphene sheets. 

Materials with a high carbon content can be obtained 
from the gas phase during the decomposition of organo-
silicon compounds (OSC). In order to obtain silicon 
carbonitride by chemical vapor deposition (CVD), volatile, 
low-toxic, non-fl ammable precursor compounds are pre-
ferred.1 In recent years, the synthesis of OSC, which si-
multaneously include all three components of silicon 
carbonitride, has attracted a great deal of interest.9 It was 
found that the properties of SiCxNy fi lms depend not only 
on the chemical composition of these compounds, but 
also on their structure.10—12 The nature of the temperature 

dependence of vapor pressure of OSC, their thermal stabil-
ity at evaporation temperature, as well as a number of other 
properties make them suitable for use as precursors in the 
preparation of silicon carbonitride by CVD. 

In this work we model the CVD processes of SiC and 
SiCxNy fi lms in a fl ow reactor using bis(trimethylsilyl)-
ethylamine (EtN(SiMe3)2), bis(trimethylsilyl)phenyl-
amine (PhN(SiMe3)2), and trimethylphenylsilane 
(PhSiMe3)13,14 in a mixture with an inert carrier gas or 
a chemically active gas. The starting gas mixture was in-
troduced into the reactor, the fi lm was deposited as a result 
of chemical reactions in the gas phase and on the surface 
of the scaff old, and the unreacted gas and gas products 
were removed from the reactor. The variable parameters 
of the process were the fi lm deposition temperature (the 
substrate temperature) (Т); the carrier gas/OSC partial 
pressure ratio (q) in the gas mixture introduced into the 
reactor; the total pressure in the reactor (P). The calcula-
tions were carried out under the following conditions: 
Т = 500—1200 K, q = 0—10, Р = 0.01, and 10 Torr. The 
behavior of systems in which additional gases were: a) He, 
an inert component of the introduced gas mixture; b) NH3, 
an active gaseous reagent used to control the nitrogen 
concentration in SiCxNy fi lms; c) N2, an inert component 
under normal conditions. It should be noted that in systems 
in which the gas phase introduced into the reactor was 
activated using high-frequency (HF) or laser radiation with 
the formation of a cold (for HF excitation) or hot (for 
laser excitation) plasma, it is, in principle, possible to 
activate N2 molecules, i.e., promote the formation of free 
radicals, which will be involved in chemical reactions of 
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formation of SiCxNy. The study of the dependence of the 
CVD process on the change in the concentration of each 
single element is of particular interest. 

Experimental 

Thermodynamic modeling is used for the study of gas phase 
processes, for example, for determining the partial pressures of 
molecular forms in complex gas environments.15 In the present 
work, it was used to calculate the compositions of the gas and 
condensed phases during thermal decomposition of OSC in 
a mixture with helium or ammonia. The methodology of calcu-
lating the equilibrium is described in the work.1 The following 
assumptions were used for the calculations. 

1. The CVD process proceeds in a quasi-equilibrium regime, 
the composition of the system in the deposition zone is equal to 
the elemental composition of the input gas mixture. The gas phase 
in the deposition zone is in thermodynamic equilibrium with the 
condensed phases which form the fi lm. 

2. The gas existing in the equilibrium with the fi lm is an 
ideal mixture of molecular forms (species). 

3. The fi lm is considered as a mixture of stoichiometric 
phases. In reality, silicon carbonitride fi lms are amorphous phas-
es of variable composition, sometimes containing nanocrystals 
of graphite, Si3N4 and/or SiC. Therefore, we can expect that the 
deposition region of the amorphous fi lm will coincide with the 
calculated region of co-deposition of these phases, and the average 
composition of a mixture of these phases and the fi lm should be 
the same. We did not include amorphous silicon carbo nitride in 
the list of phases under consideration because there is no infor-
mation on its thermodynamic properties to be found in literature. 

The conditions of phase equilibria were calculated using the 
standard data bank software "Properties of Electronics Materials" 
of the A. V. Nikolaev Institute of Inorganic Chemistry, Siberian 
Branch of the Russian Academy of Sciences,16 based on the 
thermodynamic characteristics recommended by the reference 
publication.17 In the calculations, the Gibbs energy of a system 
with a given number of elements was minimized for specifi ed T 
and P values. The calculations determined the molar fractions 
of each of the condensed phases and each species. These data 
were used to plot chemical vapor deposition diagrams refl ecting 
the deposition regions of various phases and phase complexes, 
depending on the composition of the gas entering the reactor and 
the temperature for a specifi ed total pressure. Previously, using 
this approach, we modeled deposition in the Ge—C—H18 and 
B—C—N—H19 systems, as well as in the Si—C—N—H system 
with other precursors.1 

The gas mixture introduced into the reactor consisted of 
volatile OSC and an additional gas taken in specifi ed ratios. The 
calculations allowed for the formation of 84 molecular forms of 
the gas phase and six condensed phases: C (graphite), C (dia-
mond), Si, Si3N4, and SiC (hexagonal and cubic structures). 

Results and Discussion

1. Calculation of CVD diagrams 
and composition of fi lms for the EtN(SiMe3)2—He 

and PhN(SiMe3)2—He systems 

The CVD diagrams, which were plotted based on cal-
culations for two values of total pressure (Р = 0.01 and 

10 Torr), contained regions corresponding to the deposi-
tion of a mixture of crystalline phases, namely, Si3N4 + 
+ SiC + C (graphite) and SiC + C, depending on the 
values of T and q (q = pHe/pOSC). It was found that the 
boundary SiC + C + Si3N4 || SiC + C coincided in the dia-
grams for the EtN(SiMe3)2—He and PhN(SiMe3)2—He 
systems. Thus, it depended only on the Si : N ratio in the 
starting OSC and the total pressure in the system. The 
results of the calculation are shown in Fig. 1. 

The calculation of the dependence of the average 
composition of the resulting mixture of phases on the 
deposition conditions revealed the following trends. This 
composition remained practically constant within the 
region of existence of the SiC + C phase complex and 
corresponded to a silicon content (in molar fractions) equal 
to 0.20 and 0.14 for the EtN(SiMe3)2—He and the 
PhN(SiMe3)2—He system, respectively. The obtained 
results demonstrated that the Si  :  C ratio in the phase 
mixture in both cases was lower than in the starting OSC 
(Si : C = 1 : 4 and 1 : 6 for EtN(SiMe3)2 and PhN(SiMe3)2, 
respectively). Within the major part of the region of existence 
of the Si3N4 + SiC + C phase complex for the EtN-
(SiMe3)2—He system, the content of nitrogen and silicon 
was 0.09 and 0.18, respectively. However, the nitro gen con-
tent decreased to zero near the boundary SiC + C +  Si3N4 || 
|| SiC + C, as expected. The change in the total pressure 
in the systems from 0.01 to 10 Torr had little eff ect on the 
phase complex composition. As an example, Fig. 2 shows 
the dependence of the content of nitrogen and silicon in 
the complex at q = 3 and P = 10 Torr on temperature. 

The trends of the change in content of these elements 
in the same complex obtained for the PhN(SiMe3)2—He 
system were similar. The content of nitrogen and silicon 
was 0.07 and 0.13, respectively. 
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Fig. 1. CVD diagrams for the EtN(SiMe3)2—He and PhN-
(SiMe3)2—He systems calculated for two total pressures in the 
reactor.
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2. Calculation of CVD diagrams 
and composition of fi lms for the EtN(SiMe3)2—NH3, 
PhN(SiMe3)2—NH3, and PhSiMe3—NH3 systems 

2.1. The EtN(SiMe3)2—NH3 and PhN(SiMe3)2—NH3 
systems. The CVD diagrams calculated for these systems 
are shown in Fig. 3. We note that the position of the 
boundaries in the diagrams for the EtN(SiMe3)2—NH3 
and PhN(SiMe3)2—NH3 systems coincide. The composi-
tion of the fi lm in the region of existence of the SiC + C 
complex in the investigated range of T and q was constant 
and could be described by the ratio Si : C = 1 : 6 and 1 : 4 
for PhN(SiMe3)2 and for EtN(SiMe3)2, respectively, cor-
responding to the Si : C ratio in OSC. 

Assuming that the obtained fi lm was formed from 
graphite and silicon carbide phases, the ratio of molar 
amounts of SiC : C was 1 : 5 and 1 : 3 for PhN(SiMe3)2 
and EtN(SiMe3)2, respectively, i.e., within the framework 
of this model, both fi lms must be a graphite coating with 
inclusions of SiC.

A similar situation was observed in the region of 
C + Si3N4. The elemental composition of the fi lm in this 
region can be described by the ratio Si : N : С = 3 : 4 : 18 
for PhN(SiMe3)2 and Si : N : С = 3 : 4 : 12 for EtN(SiMe3)2. 
Within the crystalline model of the fi lm, the phase ratio 
C : Si3N4 in these fi lms was equal to 18 : 1 and 12 : 1, i.e., 
the fi lms consisted of graphite with inclusions of silicon 
nitride. Within the region of deposition of three phases 
C + SiC + Si3N4, the fi lm composition was dependent on 
both T and q. When these parameters were varied, the fi lm 
composition smoothly changed between its values at the 
boundaries between the two-phase regions and the three-
phase region. The total pressure in the system had little 
eff ect on the fi lm composition in the two-phase regions, but 
the C + SiC || C + SiC + Si3N4 and C + SiC + Si3N4 || C + 
+ Si3N4 boundaries shifted toward the higher temperature 
region when it increased. 

2.2. The PhSiMe3—NH3 system. The starting organo-
silicon compound PhSiMe3 did not contain nitrogen; this 
compound was introduced into the system with ammonia. 
The modeling results showed a qualitative similarity in the 
behavior of this system and the previously considered 
systems with nitrogen-containing OSC. The calculated 
CVD diagrams are shown in Fig. 4.  

We note that the C + SiC + Si3N4 || C + SiC boundary 
was located near the ordinate axis at a relatively high tem-
perature and a very low value of p(NH3)/p(PhSiMe3), 
therefore, the low-temperature region of this boundary 
practically coincided with the ordinate axis in Fig. 4. The 
elemental composition of the fi lm was described by the 
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Fig. 2. Content of nitrogen and silicon (W) calculated for the 
EtN(SiMe3)2—He system in the SiC + C + Si3N4 phase complex 
at q = 3 and P = 10 Torr. 

Fig. 3. CVD diagrams for the EtN(SiMe3)2—NH3 and PhN(SiMe3)2—NH3 systems calculated for two pressures in the reactor: 0.01 (a) 
and 10 Torr (b), R = Ph, Et. 
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ratio Si : С = 1 : 9 at pressures equal to 0.01 and 10 Torr 
in the SiC + C region. Assuming that the fi lm consisted 
of silicon carbide and graphite, the SiC : C phase ratio in 
these fi lms was 1 : 8. In the region Si3N4 + C at 0.01 Torr, 
the fi lm composition was constant and corresponded to 
a content of С, Si, and N equal to 0.79, 0.09, and 0.12, 
respectively. Within the crystalline model of the fi lm, the 
C  : Si3N4 phase ratio in these fi lms was equal to 26  : 1. 
Like in the previous case, the fi lm composition depended 
on both T and q in the region of deposition of the three 
phases C + SiC + Si3N4. When these parameters were 
varied, the fi lm composition gradually changed between 
its values at the boundaries of the three-phase region. The 
same situation was observed in the high-temperature area 
of the Si3N4 + C region in the phase diagram, but the fi lm 
became slightly enriched in silicon and depleted in carbon 
as the temperature decreased. Reducing the temperature 

and increasing the total pressure led to a decrease in the 
graphite content of the fi lm in all cases. 

3. Calculation of CVD diagrams 
and composition of fi lms for the EtN(SiMe3)2—N2, 

PhN(SiMe3)2—N2, and PhSiMe3—N2 systems 

Thermodynamic analysis of these systems using nitro-
gen as a reagent and a carrier gas allowed us to study the 
eff ect of additives of this element only on CVD diagrams. 

3.1. The EtN(SiMe3)2—N2 and PhN(SiMe3)2—N2 
systems. The region boundaries in diagrams of the EtN-
(SiMe3)2—N2 and PhN(SiMe3)2—N2 systems coincided, 
as was the case for the diagrams described previously for 
these precursors. The calculation results of the CVD dia-
grams are shown in Fig. 5.

Fig. 4. CVD diagrams for the PhSiMe3—NH3 system calculated for two pressures: 0.01 (a) and 10 Torr (b). 
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Fig. 5. CVD diagrams for the EtN(SiMe3)2—N2 and PhN(SiMe3)2—N2 systems calculated for two pressures: 0.01 (a) and 10 Torr (b), 
R = Ph, Et.
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A fi lm with constant composition was deposited in the 
two-phase SiC + C region. When using EtN(SiMe3)2, the 
fi lm composition was characterized by a molar ratio Si : C = 
= 1 : 4 and for PhN(SiMe3)2 this ratio was 1 : 6, i.e., the 
same as in compounds of the starting OSC. At P = 
= 0.01 Torr, the composition of the fi lm in the entire 
Si3N4 + C region (except a small region in the vicinity of 
the SiC + Si3N4 + C || Si3N4 + C boundary) was charac-
terized by the same ratios Si  :  C = 1  :  4 and 1  :  6. The 
molar ratio Si3N4 : C was 1 : 12 and 1 : 18 for EtN(SiMe3)2 
and PhN(SiMe3)2, respectively, i.e., the fi lm consisted 
mainly of carbon. At P = 10 Torr, the composition of the 
fi lm in the high-temperature area of the Si3N4 + C region 
is the same, and the ratio C : Si in the fi lm decreased when 
the temperature decreased below 1100 K. The deposition 
of a three-phase Si3N4 + SiС + C mixture is refl ected in 
the diagram by a narrow region on the q coordinate. At 
temperatures below 850 K, the composition of the fi lm 
depended only on the composition of the starting OSC 
and its partial pressure in the gas introduced into the reac-
tor, but was virtually independent of the deposition tem-
perature.

3.2. The PhSiMe3 + N2 system. The CVD diagram for 
this system (Fig. 6) contained the same phase complexes 
as the diagrams discussed earlier. 

The specifi c features of the CVD diagram remained 
the same as those in the systems with NH3, but the three-
phase region became narrower. The composition of the 
fi lm in the SiC + C region was constant, corresponding 
to the ratio SiC : C = 1 : 8, i.e., within the framework of 
the crystalline model, the fi lm consisted of graphite with 
inclusions of SiC. The composition of the fi lm was con-
stant and had a ratio Si : С = 1 : 9 or Si3N4 : С = 1 : 27 in 
the Si3N4 + C region at P = 0.01 Torr, i.e., the fi lm con-
sisted of graphite with a small number of Si3N4 inclusions. 
In the intermediate region, a decrease in the partial pres-

sure of nitrogen in the starting gas mixture led to a gradual 
transition of nitrogen to the gas phase, with the ratio 
Si  :  С = 1  :  9 remaining constant. At P = 10 Torr and 
a temperature below 1000 K, the fi lm became slightly 
enriched with silicon. 

To sum up, thermodynamic modeling did not allow 
one to evaluate the infl uence of the design of the precur-
sor molecule on the fi lm structure and properties, since 
the calculation results depended only on the composition 
of the starting gas mixture, temperature, and total pressure 
in the reactor. Nevertheless, a comparison of modeling 
results can be useful for planning experiments to obtain 
carbon-enriched carbide and silicon carbonitride fi lms. 
The use of compounds EtN(SiMe3)2 and PhN(SiMe3)2 
in a mixture with helium led to the formation of two phase 
complexes: SiC + C (high-temperature) and Si3N4 + SiC + 
+ C (low-temperature). An increase of the total pressure 
in the system led to a shift of the boundary on the CVD 
diagram toward higher temperatures.

The introduction of ammonia into the starting gas 
mixture in all cases led to the formation of phase complexes 
SiC + C | Si3N4 + SiC + C | Si3N4 + C, however, it was 
not possible to obtain a product that did not contain el-
emental carbon impurities in the entire range of conditions 
studied. An increase in the ammonia content in the start-
ing gas mixture led to a growth of the range of conditions 
suitable for obtaining products containing nitrogen. 

No signifi cant diff erence in the composition of the 
deposited products for the EtN(SiMe3)2 and PhN(SiMe3)2 
compounds was expected. The use of trimethylphenyl-
silane in a mixture with ammonia made it possible to 
obtain the phase complex Si3N4 + C over a wider tem-
perature range. It follows from the results of thermo-
dynamic modeling that the synthesis in the presence of 
ammonia made it possible to obtain fi lms of diff erent phase 
composition: SiC + C, SiC + Si3N4 + C, Si3N4 + C. For 

Fig. 6. CVD diagrams for the PhSiMe3—N2 system calculated for two pressures: 0.01 (a) and 10 Torr (b).
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each case, the conditions for the co-deposition of silicon 
carbide and nitride phases in the temperature range below 
1023 K were identifi ed. A signifi cant increase in NH3 
content reduced the temperature interval in which co-
formation of the phase complex SiC + Si3N4 was observed. 
It should be noted that the application of the thermal 
method of gas phase activation should result in the forma-
tion of carbon clusters for all reagents in the considered 
temperature range. The modeling results were consistent 
with our experimental data on the synthesis of SiCxNy 
fi lms enriched with carbon from trimethylphenylsilane.20 
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